Study design: This was a prospective observational study. Objectives: To review airway management of patients with acute cervical spinal cord injury (CSCI) who are admitted to the intensive care unit (ICU) and to develop a classification and regression tree (CART) to direct clinical decision making in airway management. Setting: This study was carried out in Australia. Results: A total of 114 patients were included. Tracheostomy insertion occurred in 68 patients (59.7%). Using CART analysis, it was found that the variables forced vital capacity, the volume of pulmonary secretion and gas exchange were predictive of airway management on 82.3% occasions with an 8.7% extubation failure rate. Conclusion: A CART can be useful in clinical decision making regarding airway management in CSCI.
Introduction
Most patients following acute cervical spinal cord injury (CSCI) require a period of mechanical ventilation 1 and clinicians must decide whether to insert a tracheostomy or attempt extubation. Decisions regarding airway management, particularly extubation, have implications for patient outcome. [2] [3] [4] The rate of tracheostomy insertion ranges from early reports of 11-35% 5 to recent reports of up to 69%. [6] [7] [8] The recent higher rate of tracheostomy insertion may be reflective of clinicians' belief that early insertion is beneficial and the historical absence of established clinical predictors for safe extubation. However, a small case-control study has also suggested that some patients receive a tracheostomy unnecessarily and patients who are extubated and receive intensive physiotherapy have a reduced intensive care unit (ICU) length of stay and a reduction in hospital costs. 9 Although the clinical factors that influence airway management in other neuromuscular diseases have been reported, 3, 4 they remain unknown in CSCI. The aims of this study were to describe airway management for patients admitted with CSCI to the ICU of three specialist spinal centres (SSCs) and two state trauma services (STS); and to identify the factors that most influence decision making in airway management and to develop and validate a classification and regression tree (CART) to assist decision making in airway management in acute CSCI.
Materials and methods

Subjects
All patients with CSCI who were admitted to an SSC and two STS between October 2004 and May 2009 as well as two other SSC in Australia from December 2004 to December 2005 who required intubation and ventilation were included. To ensure all eligible patients were included, we searched the state SCI database and these data were confirmed by searching the trauma registry. In addition the SSCs provide a state-wide service accepting all patients with SCI in each catchment zone. Patients were excluded if they never required intubation during their ICU stay or if treatment was withdrawn before an airway management decision. Ethical review was obtained from the human research ethics committee at each site.
Procedure
In a nationwide survey, clinicians experienced in the care of patients with CSCI in the ICU were asked to nominate factors that influenced clinical decisions in airway management. In total clinicians identified nine factors (Table 1) . These factors were used as the basis of a subsequent data collection form and in the development of the CART that determined which factors best predicted whether patients were extubated or received a tracheostomy.
Demographic and injury data that included injury and neurological level, neurological severity and fracture management were recorded for every patient.
Data collection
For each patient admitted to the trial, the attending intensivist was asked to rank any or all of the factors that influenced clinical decision making in airway management from the nine factors previously identified. The factors that were ranked for each case were entered into analysis.
The nine factors reported to influence clinical decision making identified in the national survey were measured using continuous and ordinal scales (Table 1 ). The forced vital capacity (FVC) was measured by a spirometer placed inline with the endotracheal tube. The mental capacity was measured by the performance of three motor tasks and rated on a four-point scale. Neurological level was measured using the highest motor level of the patient as well as the American Spinal Injury Association (ASIA) classification of the injury. Both the neurological motor level and the ASIA classification values were recorded by an independent observer. Sputum production was assessed using a semi-quantitative scale assessed by the frequency of suctioning per hour that has been described previously. 10 The greatest numbers of suction passes per hour in the previous 24 h, excluding those associated with physiotherapy treatment, were converted to an ordinal scale and used in analysis. Gas exchange was measured using the PaO 2 /FiO 2 .
Statistical analysis
Statistical analyses were undertaken using SPSS PASW version 18 (SPSS Inc., Chicago, IL, USA) and the statistical package R (The R Foundation for Statistical Computing, Vienna, Austria). Descriptive statistics using frequencies and percentages were used to describe categorical data. For continuous data mean and standard deviation or median and inter-quartile range for non-parametric data were recorded. Student's t-tests and Mann-Whitney U-tests were used to determine the differences between groups for continuous variables. Pearson's w 2 -test of independence was used to analyse the difference between categorical data.
CART analysis was used to determine which of the nine factors were discriminative in airway management. The purpose of the CART is to determine a set of if-then logical splits conditions that permit accurate prediction of classification of cases. The split at each node is found that generates the greatest improvement in predictive accuracy. CART has been previously used for prediction in ICU populations. 11 An unbiased estimate of the true misclassification rate was obtained using cross-validation. In the cohort of patients who received a tracheostomy some were unable to perform an FVC due to sedation or injury above the C4 level. To make clinically meaningful comparisons between groups, we also calculated median FVC for patients who were able to perform the procedure.
To report the results in a clinically meaningful way, we dichotomized the scales for pulmonary secretions and mental capacity. Pulmonary secretions were classified as requiring suctioning hourly or more than hourly (suction p or 42) and mental capacity as either cooperative or not (mental state p or 41). 
Results
Demographics
From October 2004 to the end of May 2009 141cases were identified of which 114 cases met the inclusion criteria. All eligible cases were included. Of the 114 cases, 68 (59.7%) patients received a tracheostomy and 46 (40.4%) patients were extubated. Of the 114 patients, 36 patients required initial intubation for respiratory failure or airway protection at the time of the injury and 78 patients were initially electively intubated for either transport to a tertiary facility or surgical stabilization. Nine of the thirty-six patients (25%) who required emergent intubation were subsequently able to be extubated. No patient used non-invasive ventilation as an alternative strategy to invasive airway management. The demographic data for the total population and the subgroups extubated and receiving tracheostomy are presented in Table 2 . In the group of patients who received a tracheostomy the median FVC was influenced by the number of patients who were unable to perform the manoeuvre due to either the neurological severity of the injury or an inability to cooperate. If these patients were excluded, and only those who were able to perform an FVC were considered (n ¼ 27), the median and interquartile range values for FVC were 1200 ml (800-1500 ml)/17.14 ml kg À1 (11.43-21.43 ml kg À1 ).
Four patients (8.7%) failed extubation and subsequently received a tracheostomy.
The majority of patients (92%) required surgical stabilization for fracture management. The remaining patients were managed in a halo-thoracic device. All patients managed in a halo-thoracic device received a tracheostomy as part of standard care. Airway management decisions were made in the first 72 h following stabilization surgery and as such, the surgical approach did not impact on the airway management decision.
Airway management
The ASIA classifications for the total population, for patients who were extubated and those who received a tracheostomy are presented in Table 3 . The distribution of ASIA classification and injury level is presented in Table 4 and the motor levels of patients who were extubated, those who received a tracheostomy and the total population are presented in Table 5 .
For patients suffering an ASIA A injury (n ¼ 72), 48 patients received a tracheostomy (66.7%) and in incomplete injuries 47.6% received a tracheostomy. The relationship between airway management and ASIA classification is presented in Figure 1 .
All patients with injuries above the C4 level received a tracheostomy (n ¼ 12).
Fifty-six patients had injuries between C5 and C8. The relationship between airway management and ASIA classification is presented in Figure 2 .
Classification and regression tree In 18 patients data collection was incomplete. It was assumed that these were missing completely at random. As a result CART analysis was performed on 96 patients.
Of the nine factors identified by clinicians that influenced airway management only FVC (830 ml/11.9 ml kg À1 ), volume of pulmonary secretions (the requirement for hourly suction) and gas exchange (PaO 2 /FiO 2 188.8) was shown to be important categorical discriminators of airway management ( Figure 3) . The distribution of patients in the terminal nodes of the classification tree is presented in Table 6 .
The overall estimate of correct classification of the CART to predict either tracheostomy or extubation was 86.5%. This estimate is optimistic, being obtained from the same data that were used to generate the classification. The estimate of misclassification obtained from cross-validation corrects for Airway management in cervical spinal cord injury SC Berney et al this, and was found to be 82.3%, and hence the estimated misclassification rate was 17.7%. The extubation failure rate was 8.7%. The characteristics of the patients who failed extubation and the reasons for failure are presented in Table 7 .
Discussion
Judicious airway management decisions are essential in the ICU. A delayed or failed extubation can result in increased ICU length of stay, ventilator-associated pneumonia, mortality and costs. 2 Unnecessarily inserting a tracheostomy places patients at increased risk of complications in the short and long term, 12 is costly and may result in an increased length of stay in the ICU. 9 The results of this study suggest that a CART that uses FVC, gas exchange and sputum production as discriminative variables has good potential to predict airway management for patients having acute CSCI, was associated with only an 8.7% extubation failure rate and would be a useful tool for clinicians in the ICU. Previous studies have reported risk factors for the placement of a tracheostomy in patients with CSCI that include the level and neurological severity of the injury, pre-morbid illness, pre-existing pulmonary impairment, the presence of pneumonia and age. 6, 7 This is the first study to identify a combination of clinical factors that may discriminate between patients who are extubated and those that received a tracheostomy. The advantage of the CART is that it Figure 3 The CART to direct clinical decision making in airway management for patients with CSCI. The extubation failure rate was 8.7%. Trach ¼ tracheostomy; ¼ discriminating variables from the CART analysis.
Airway management in cervical spinal cord injury SC Berney et al identifies the most important of the factors that clinicians consider important at the point when decisions are made.
In patients with neurological impairment the use of traditional weaning indices has been associated with high rates of extubation failure. 13 Previously Navalesi et al.
14
reported that a pragmatic composite assessment that included clinical indicators of cough efficacy, the burden of pulmonary secretions and gas exchange improved clinical decision making in a cohort of neurologically impaired patients. The results of the current study in CSCI support those of Navalesi et al.
Although the model discriminates extremely well for patients with an FVC of less than 830 ml (11.9 ml kg
À1
) and in the setting of abundant pulmonary secretions and poor gas exchange, classifying extubation remains contentious. This may reflect the variability in clinical decision making surrounding extubation in the data set from which the model was derived and also the small number of patients in the terminal nodes. The split criterion of 830 ml for FVC was lower than previously described for patients who could potentially be extubated. Clinicians may have been reluctant to extubate a patient with an FVC of less than 1000 ml as previously this value was independently associated with extubation failure in patients with neuromuscular impairment. 3 The interquartile ranges of FVC for patients who were extubated and those that received a tracheostomy and were able to perform the manoeuvre reflect a zone of uncertainty in airway management between 1000 ml/14.3 ml kg À1 and 1500 ml/21.4 ml kg
, which was reflected in the model.
Of the 114 patients 59.7% received a tracheostomy that, despite differences in methodology, is consistent with previous reports that have included both complete and incomplete injuries in analyses. 6 The overall extubation failure rate was 8.7%, which is comparable to previous reports of between 5 and 20% in heterogeneous ICU populations. 15 This is the first report of extubation failure rate in patients with CSCI. The main reasons for extubation failure were related to pulmonary secretion retention and inadequate cough. Overall this cohort of patients had a higher incidence of ASIA A injuries (63.2%) than previously reported (37.8%). 6 This was because in this study, only patients who were intubated at some point during their ICU stay were included. This distinction is important when comparing airway management because, as can be observed in the results of this study and others, [6] [7] [8] patients with an ASIA A injury are more likely to require a tracheostomy. Other demographic data were relatively consistent with previous reports. 6, 7 The tracheostomy rate in ASIA A injuries was consistent with one previous report, 7 but much lower than another. 6 These differences may be reflective of the variability in clinical practice associated with airway management in tetraplegia. A further contributing factor may be the level of respiratory support services available at an institution. Intensive respiratory treatment, protocolized care and non-invasive ventilation have been shown to reduce the need for tracheostomy placement. 9, 16, 17 Further study is required to investigate the effect of intensive respiratory therapy on airway management in patients with CSCI below the level of C3. Forty-two patients suffered an incomplete CSCI. The rate of tracheostomy (47.6%) was substantially higher than previously reported (19.2%). 6 The only other recent evidence comes from a study exploring airway management in cervical injuries below C4. 8 These investigators reported a tracheostomy rate for incomplete injuries of 50%, which was comparable to the current study for the same injury levels (40%). This discrepancy may be explained by the spectrum of injury severity that is encompassed by an incomplete injury. However, this heterogeneity should have been reduced by only including patients who required intubation during the ICU stay. The management of these patients warrants further investigation. Consistent with previous studies, 6,7 all patients with an injury above the C4 level had a tracheostomy inserted. For these patients there was usually a requirement for ongoing mechanical ventilatory assistance. Owing to respiratory muscle insufficiency, the insertion of a tracheostomy for injuries above the C4 level is accepted as standard practice. 18 However, the use of continuous non-invasive ventilation has been advocated for the management of selected high cervical injuries. 19 Although non-invasive ventilation has been successfully used in ICU in select patient groups, 20 there is little evidence to support the role as an alternative to invasive ventilation in the setting of high CSCI in the ICU. Further research on patient selection, comparison of risk benefit analysis and clinical outcomes would be required for a change in clinical practice to occur. The most common injury level was C4 and C5 with 75% of all injuries occurring at these levels. The tracheostomy insertion rate for complete injuries at this level was 61.5%, which was substantially lower than previously reported with a rate between 75% 7 and 100%. 6 This was also observed for lower CSCI between C5 and C8 with a tracheostomy rate of 46% compared with a previous report of 69.3%, 8 reflecting a more aggressive approach to extubation in mid-cervical injuries in these Australian centres. Airway management for lower CSCI requires clinical judgement 8 and was the site for the greatest variability in airway management. For patients who received a tracheostomy there was a higher percentage with abundant pulmonary secretions compared with other levels of injuries reflecting the decision making priorities for airway management at levels below C4. This study has several limitations related to the small sample size. Sample size dictated the development and validation of the model was performed using the same data set potentially resulting in an over-optimistic model. Nonetheless, this cohort represents patients predominantly from a large regional spinal injury service and in contrast to previous studies includes only patients who required intubation and ventilation and in whom airway management decisions were required. The measurement of FVC in CSCI can be limited as some patients are unable to perform the procedure to meet American Thoracic Society guidelines, but are able to meet modified American Thoracic Society guidelines. 21 These patients are important to include in future considerations regarding airway management decisions as they represent a vulnerable cohort of patients who are likely to require ICU management with transient ventilatory support following injury. This study represents the first step in developing a guideline using CART methodology to assist decision making in airway management in CSCI. Further possible studies include the validation of the algorithm on an independent data set at another ICU at an SSC. Potentially, this model will assist judicious decision making regarding airway management for patients with CSCI avoiding unnecessary tracheostomy and unsuccessful extubation that place the patient at increased risk. [2] [3] [4] 12 The early identification of patients who require a tracheostomy may also reduce the delay to extubation, which has been shown to affect patient outcomes adversely. 2 By facilitating timely airway management decisions the duration of mechanical ventilation and ICU length of stay may be reduced. In addition, it may provide useful information to assist with communication and planning for patients and their families.
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